A homogeneous mode of a scalar field in a "fast roll" (φ 2 >> V (φ)), which has an energy density scaling as 1/a 6 in an expanding universe, could dominate the universe at the electroweak epoch. The requirement that the energy in the mode red-shift away before nucleosynthesis gives a significantly weakened sphaleron bound for the preservation of a baryon asymmetry produced at a first-order phase transition. The observed baryon asymmetry might even be produced at the electroweak scale in the case that the phase transition is second-order or cross-over. A period where the energy in the universe is dominated by such a mode, which I term kination, can occur as a scalar field rolls down an exponential potential well motivated in many extensions of standard model physics. A cosmological "constant" at the present epoch may also result.
The Hubble expansion rate H of a homogeneous and isotropic Big Bang universe is given by the very simple formula
where a is the scale factor, ρ is the energy density and k is a constant which depends on the spatial curvature [1] . The main contribution to ρ today comes from matter which scales as 1/a 3 , with perhaps also a curvature term and even a small cosmological (ρ =constant) term.
Going back in time the scale factor decreases and the energy density in the microwave background radiation blueshifts, scaling as 1/a 4 , until it comes to dominate the right handside of (1) . The most impressive evidence for this extrapolation comes from nucleosynthesis.The precise abundances of the various nuclei synthesised from the nucleons as the universe cools below ∼ 1MeV depends sensitively on the relation between the temperature of the radiation (which goes as 1/a) and the expansion rate, and the radiation dominated picture does remarkably well.
Going back further in time we reach the electroweak epoch at T ∼ 100GeV . The expansion rate again enters in determining the details of the relics left behind, most notably the baryon asymmetry [2] . The point of this Letter is to place in question the assumption of radiation domination at the electroweak epoch, which has been an important element of electroweak cosmology. Just as constraints are placed in the case of nucleosynthesis on the energy density (e.g. the number of relativistic degrees of freedom, the contribution of a magnetic field) I argue that the total energy density (or, more generally, the expansion rate) of the universe at the electroweak epoch should be considered as a parameter, rather than as a known input in electroweak cosmology. I make my point by actually constructing a model, with a simple and well motivated scalar potential, in which a quite different phase of the universe to those normally considered occurs and has precisely the effect of speeding up the rate of expansion at the electroweak scale.
Consider first the dynamics of a real scalar field φ with potential V (φ). Variation of the action
taking the FRW metric with scale factor a(t), gives the equation of motion for the homogeneous modes, which can be written
and writing the energy density ρ(t) = 1 2φ
2 + V (φ), we find
When the kinetic energy dominates η → 0 and
This represents the opposite limit to inflation driven by the potential energy with η → ∞ and ρ(t) ≈ ρ(t o ). Indeed for any homogeneous mode (assuming only that V (φ) is positive)
we have that
Putting these limiting behaviours of the energy density into (1) one finds a ∝ t Writing the stress energy tensor in terms of a pressure p and the energy density in the standard way, the equation of state is p = ρ for the kinetic mode in contrast to p = 1 3 ρ(radiation), p = 0(matter) and p = −ρ(inflation). I will refer to a phase dominated by the kinetic energy of a scalar mode as kination. Now let us suppose that an unknown amount of energy is stored in such a mode at the electroweak epoch. The expansion rate in (1) becomes
where a e is the scale factor when the density in the mode becomes equal to that in radiation and ρ e is the energy density at that time. The factor f (a) accounts for the effect of decouplings, and in the approximation that they are instantaneous is f (a) = (g(a e )/g(a)) 1 3 where g(a) is the number of relativistic degrees of freedom. The sphaleron bound [3] results from the requirement that the rate of baryon number violating (sphaleron) processes after the electroweak phase transition be less than the expansion rate of the universe so that the baryon asymmetry (putatively) created at the electroweak phase transition be "frozen in".
where H 6 is the Hubble expansion rate and H 4 = 1.66
is the expansion rate we get if we assume radiation domination in the usual way, with g w =g(a w ) ∼ 100 and T w ∼ 100GeV .
The bound on E sph , the sphaleron energy, can thus be written in terms of the usual bound on the same quantity E o sph as
using the relation T a=f (a)T e a e where T e is the temperature at radiation-kinetic energy equality (at a = a e ).
Let us take the following approximate bound from nucleosynthesis: We allow 10% of the energy to come from the coherent mode at ∼ 1MeV , just before the first stage of n − p freezout begins [4] . Then T e ∼ 3MeV , so taking T w ∼ 100GeV , the bound on the sphaleron energy is reduced by approximately one quarter from its usual value of ∼ 45T [2] . The lower bound on E sph can be translated into constraints on the parameters in the zero temperature theory, most notably an upper bound on the lightest Higgs particle. Constraints are usually derived using the bound expressed as the ratio of the VEV v in the nucleated bubbles to the nucleation temperature T b , to which the sphaleron energy is linearly proportional. Typically the change being discussed will therefore mean
How significant a difference is this? According to recent lattice studies of the electroweak phase transition in the minimal standard model [5] , [2] , the 'usual' sphaleron bound cannot be satisfied for any physical Higgs mass, for a top quark mass of m t = 175GeV . The 'new' bound in (10) In extensions of the standard model, such as the minimal supersymmetric model (MSSM), recent perturbative [6] and non-perturbative [7] analyses indicate that the usual sphaleron bound can be satisfied in various parts of experimentally allowed parameter space.
The new bound simply widens this allowed parameter space. In what sense can this widening be said to be significant or not? For baryogenesis what one must calculate given any set of physical parameters (ultimately to be fixed by particle physical experiments, we hope)
is a depletion factor X, where B f = e −X B(T o ) is the baryon number at nucleosynthesis and B(T o ) is the baryon number created during the departure from equilibrium at some temperature T o (usually very close to the critical temperature for the phase transition). It is simple to show that
where p = 2 in the case of radiation domination, and p = 3 for kination. The extra power in the integral is negligible because the integral is cut-off very rapidly due to the exponential dependence in the sphaleron rate, so that the depletion factor is simply changed in inverse proportion to the expansion rate at the phase transition H o . The estimate given above allowing for the potential contribution of the kinetic mode corresponds to a change in the expansion rate by up to a factor of 10 5 , so that it could make the difference in a given model between an asymmetry consistent with observation, and one e −10 5 times smaller. This is certainly in an absolute sense a significant difference! Has such a change to the expansion rate other consequences? An expansion rate at the electroweak scale of ∼ 10 −11 T , instead of ∼ 10 −16 T in the radiation dominated case, leaves the usual treatment of the phase transition intact, because the timescale for the expansion is still very long compared to thermalization time scales. Details will change.
The phase transition will proceed slightly differently e.g. with more supercooling before the nucleation of bubbles (if it is first order) [8] . For larger Higgs masses (m H > 80GeV in the standard model) the phase transition is believed to be very weakly first order, second order or cross-over. In this case it has been assumed that a baryon asymmetry of the observed magnitude cannot be created, because the departure from equilibrium required by the Sakharov conditions is too small, being controlled by the expansion rate of the universe rather than by the much shorter time-scales characterizing the propagation of bubbles at a first order phase transition [9] , [10] , [11] . A simple calculation in the extensions of the standard model with extra CP violation considered in [12] gives the baryon to entropy ratio
where ∆θ CP is the change in a CP violating field during its evolution, times some modeldependent suppression. H f is the Hubble expansion rate when the asymmetry freezes out at temperature T f . Thus, taking the potential effect of the kinetic energy dominated mode into account, we could get n B s ∼ 10 −13 (T f /100GeV ) 2 ∆θ CP . Naively one expects that, at most, ∆θ CP ∼ 1, but both this and the value of T f depend on the detailed dynamics of the phase transition. A transition temperature somewhat above 100GeV and/or a CP violating field changing slightly faster at the freezout temperature would lead to an asymmetry compatible with the observed n B s ∼ 10 −11 . More detailed study of the case where the phase transition is second order or cross-over in these models is required before a definitive conclusion can be drawn.
The rest of this Letter will be concerned with the question of how 'kination' might occur, with the potentially important consequences just discussed. I wish however to emphasize the following more general point. The only variable in an ab initio calculation of electroweak baryogenesis which we cannot access (at least in principle) through direct measurement is the expansion rate at the electroweak epoch. What one requires in the scenario sketched is that the energy in the kinetic mode be much greater than the energy in radiation at the electroweak scale. An explanation of the 'usual' scenario in which the universe is dominated by uniform radiation at the electroweak epoch is provided by inflation: A scalar field φ displaced from its minimum rolls in its potential V (φ), sufficiently slowly that it satisfies the condition V (φ) >>φ 2 for long enough to inflate a small uniform region outside our present horizon; the field eventually reaches its minimum and oscillates about it, until it decays to produce radiation at the 're-heat' temperature T RH .
Kination, on the other hand, will occur (commencing at some temperature T k above or at the electroweak scale T w ) if (1) a scalar field deposits a potential energy density V o >> T 4 k into a kinetic energy density, and (2) this roll occur without inflating away the radiation (leaving it instead at the temperature T k ). In order to have the proposed cosmological effects it is also necessary that (3) the energy of the field continues to be dominated by its kinetic energy for sufficiently long.
Consider the equations governing the dynamics of the scalar field in a universe in which there is also some energy density ρ r in radiation, to which the scalar field is coupled only through the Einstein equation (1):
ρ r + 4Hρ r = 0 (15) where M p = 1/ √ 8πG is the reduced Planck mass. Suppose at the end of an epoch of inflation (driven by some other field) the universe is reheated to temperature T RH . The first two conditions for kination will be satisfied if the field φ lies away from its minimum at
w , and curvature so that a roll down the potential occurs rapidly enough that it does not inflate away the radiation, but leaves it at T k > T w . The third condition requires that after this roll the potential become sufficiently flat, the potential energy decreasing as the field continues its roll at least as fast as the kinetic energy (which is being damped by the expansion). How flat then is flat enough? Consider the solution to (13) and (14) with V = 0 = ρ r :
The logarithmic behaviour suggests an exponential potential. It was shown in [13] that there are particular attractor solutions to (13) and (14), with ρ r = 0, for the potential
where λ = 2/A and the origin of φ is redefined so that V o = M .
One of the drawbacks of the superluminal case was that the supergravity theories which motivated the potentials favoured values λ > √ 2. For example the authors of [14] find λ = √ 2 and λ = √ 6 for two scalar fields in N = 2, six dimensional supergravity with S 2 compactification, and the same in N = 1, ten dimensional supergravity with gaugino condensation. In [14] it is shown that a damping term due to a coupling to some other field can remedy this problem, because it sharply increases the power of the solution in (17). This is simply because such a term damps the kinetic energy more efficiently and leads to a larger ratio η, and hence potentially inflation instead of kination [15] . In the present context this observation is also relevant. With an exponential with A → 1 3
[16] we satisfy the third condition for kination, but not the first two. In such a steep potential the roll down after a prior inflationary period to the solution (17) will happen without any inflation to cool the radiation. With a damping term however, the required transition from inflation to kination could happen without any extra structure in the potential at φ RH . If, for example, φ couples only to some very heavy degree of freedom, a damping term which switches off at some temperature results, allowing the field then to run into its roll down the exponential. +ǫ, and
We take the field to evolve in the kinetic energy dominated solution (17) from time t k , at which the temperature of the radiation is T k (with ρ ≈ 1 2φ
until the time t r and temperature T r at which radiation domination begins i.e. (neglecting for simplicity all prefactors). For t > t r the V ′ (φ) term in (13) is initially negligible and the approximate solution for φ is
i.e. φ gets stuck very close to its value at the end of kination φ r = φ(t r ), because of the stronger damping in a radiation dominated universe. Using this solution it is easy to estimate the temperature at which the potential term again becomes relevant in (13) to be
. Until this time the kinetic energy density just scales away as 1/a 6 and the potential energy remains constant. What happens when the potential starts to make the field roll again at T ∼ T v ?
The possibility that an energy density in such a potential could play an interesting cosmological role at late times has been discussed in [18] . There is another attractor solution to (13)- (15) with ρ r = 0 (or in general for an energy density which scales as 1/a n , so that the third equation isρ n + nHρ n = 0) in which both the kinetic energy and the potential energy of the scalar field are in a fixed ratio to ρ n (all scaling as 1/a n )
V (φ)
provided n < λ 2 = 2/A (i.e.provided the energy in the scalar field scales faster than 1/a n when ρ n is negligible). A simple analysis shows that the field ends up in this solution some time after T ∼ T v and before T ∼ (V (φ r )) , half the energy in the universe during the matter dominated era (n = 3) is in the scalar field. The constraints on this type of cosmological "constant" usually infered from nucleosynthesis are circumvented because the "constant" solution is reached only after nucleosynthesis [19] . As mentioned above a damping term can also change the scaling -a very weakly coupled field φ could produce an inflationary solution at late times, potentially giving an effect like that of a real cosmological constant. Wetterich [18] discusses the possibility that such a variation of the steepness of the exponential could come from a running coupling in the model he considers.
There are clearly many interesting issues to be investigated in both the particle physics and the detailed cosmology of such models. 
